Adaptations and responses to stress conditions are fundamental processes that all cells must accomplish to maintain or restore cellular homeostasis. Cells have a plethora of response pathways to mitigate the effect of different environmental stressors. The transcriptional regulators transcription factor EB (TFEB) and transcription factor binding to IGHM enhancer 3 (TFE3) play a key role in the control of these stress pathways. Therefore, understanding their regulation under different stress conditions is of great interest. Here, using a range of human and murine cells, we show that TFEB and TFE3 are activated upon induction of acute oxidative stress by sodium arsenite via an mTOR complex 1 (mTORC1)-independent process. We found that the mechanism of arsenite-stimulated TFEB and TFE3 activation instead involves protein phosphatase 2A (PP2A)-mediated dephosphorylation at Ser-211 and Ser-321, respectively. Depletion of either the catalytic (PPP2CA؉B) or regulatory (PPP2R2A/B55␣) subunits of PP2A, as well as PP2A inactivation with the specific inhibitor okadaic acid, abolished TFEB and TFE3 activation in response to sodium arsenite. Conversely, PP2A activation by ceramide or the sphingosine-like compound FTY720 was sufficient to induce TFE3 nuclear translocation. MS analysis revealed that PP2A dephosphorylates TFEB at several residues, including Ser-109, Ser-114, Ser-122, and Ser-211, thus facilitating TFEB activation. Overall, this work identifies a critical mechanism that activates TFEB and TFE3 without turning off mTORC1 activity. We propose that this mechanism may enable some cell types such as immune or cancer cells that require simultaneous TFEB/TFE3 and mTORC1 signaling to survive and achieve robust cell growth in stressful environments.
Adaptations and responses to stress conditions are fundamental processes that all cells must accomplish to maintain or restore cellular homeostasis. Cells have a plethora of response pathways to mitigate the effect of different environmental stressors. The transcriptional regulators transcription factor EB (TFEB) and transcription factor binding to IGHM enhancer 3 (TFE3) play a key role in the control of these stress pathways. Therefore, understanding their regulation under different stress conditions is of great interest. Here, using a range of human and murine cells, we show that TFEB and TFE3 are activated upon induction of acute oxidative stress by sodium arsenite via an mTOR complex 1 (mTORC1)-independent process. We found that the mechanism of arsenite-stimulated TFEB and TFE3 activation instead involves protein phosphatase 2A (PP2A)-mediated dephosphorylation at Ser-211 and Ser-321, respectively. Depletion of either the catalytic (PPP2CA؉B) or regulatory (PPP2R2A/B55␣) subunits of PP2A, as well as PP2A inactivation with the specific inhibitor okadaic acid, abolished TFEB and TFE3 activation in response to sodium arsenite. Conversely, PP2A activation by ceramide or the sphingosine-like compound FTY720 was sufficient to induce TFE3 nuclear translocation. MS analysis revealed that PP2A dephosphorylates TFEB at several residues, including Ser-109, Ser-114, Ser-122, and Ser-211, thus facilitating TFEB activation. Overall, this work identifies a critical mechanism that activates TFEB and TFE3 without turning off mTORC1 activity. We propose that this mechanism may enable some cell types such as immune or cancer cells that require simultaneous TFEB/TFE3 and mTORC1 signaling to survive and achieve robust cell growth in stressful environments.
Eukaryotic cells must respond to fluctuations in a variety of environmental conditions. When those fluctuations exceed a particular threshold, cells activate different stress signaling pathways with the goal of preventing damage and restoring homeostasis. TFEB 2 and TFE3 have recently emerged as critical mediators of the cellular response to stress (1) . TFEB and TFE3 belong to the MITF/TFE family of basic helix-loop-helix/leucine zipper transcription factors and share the ability to bind CLEAR motifs located in the promoter region of a variety of lysosomal and autophagic genes (2) (3) (4) . The role of TFEB and TFE3 in nutrient sensing and energy homeostasis is well established. Under nutrient-rich conditions, TFEB and TFE3 are recruited to the lysosomal surface via direct interaction with the small GTPases Rags (4, 5) . Once on the lysosomal surface, TFEB and TFE3 are phosphorylated by the Ser/Thr kinase mTORC1 at several residues (6 -8) . mTORC1-dependent phosphorylation of TFEB at Ser-211 or TFE3 at Ser-321 is particularly relevant because it promotes binding of TFEB and TFE3 to 14-3-3, leading to their retention in the cytosol (6, 7) . Amino acids or serum deprivation causes mTORC1 inactivation, resulting in the dissociation of the TFEB and TFE3/14-3-3 complexes and the rapid accumulation of these transcription factors in the nucleus (6, 7) . Once in the nucleus, TFEB and TFE3 induce lysosomal biogenesis and autophagy, and stimulate expression of metabolic regulators, thus helping cells to adapt and survive nutrient withdrawal (3, 4) .
Several recent reports have shown that TFEB and TFE3 respond not only to changes in nutrient levels but also to a wide variety of internal and external stressors, including mitochondrial damage (9) , accumulation of unfolded proteins in the ER (10) , pathogens (11) (12) (13) (14) , and physical exercise (15, 16) . Interestingly, many of these stressors do not cause an obvious mTORC1 inactivation, suggesting that additional, mTORC1independent mechanisms to promote TFEB and TFE3 activa-
Another open question is the identity of the phosphatase in charge of dephosphorylating key regulatory residues, such as TFEB-S211 and TFE3-S321. Recent evidence suggests that PPP3/calcineurin promotes TFEB-S211 dephosphorylation in response to starvation and some types of oxidative stress (17, 18) . However, calcineurin inhibition does not completely pre- vent TFEB and TFE3 activation in response to ER stress or lipopolysaccharide treatment (10, 14) , suggesting that other phosphatases may be involved in TFEB and TFE3 regulation. Also, it has recently been shown that TFEB activation by digoxin is independent of the activity of PPP3/calcineurin, further supporting the existence of uncharacterized TFEB/TFE3 phosphatases (19) .
In this study, we assessed the mechanism of TFEB and TFE3 activation in response to sodium arsenite. Arsenic is a potent toxicant and carcinogen. Epidemiological studies have reported an association between arsenic exposure and increased risks of various cancers as well as noncancerous diseases, including diabetes, hypertension, cardiovascular and respiratory diseases, and neurotoxicity. Arsenic perturbs mitochondrial membrane integrity and potential, leading to the release of reactive oxygen species (ROS) from mitochondria and causing DNA damage, impaired protein degradation, ER stress, autophagic cell death, and inflammation (20 -24). We found that incubation of different cell types with sodium arsenite resulted in decreased phosphorylation of TFEB-S211 and TFE3-S321 and consequent TFEB and TFE3 nuclear accumulation. TFEB and TFE3 activation occurred despite the robust increase in mTORC1 activity observed under oxidative stress conditions, suggesting an mTORC1-independent process. Importantly, catalytic inhibition or depletion of either the catalytic or regulatory subunits of the PP2A phosphatase was sufficient to prevent TFEB-S211 and TFE3-S321 dephosphorylation in response to arsenite. Mass spectrometry analysis revealed that PP2A dephosphorylates several residues in TFEB, including Ser-109, Ser-114, Ser-122, and Ser-211. Therefore, we propose that the activation of the PP2A phosphatase toward TFEB and TFE3 represents a novel mechanism to induce the cellular stress response without turning off mTOR activity, allowing cells to fine-tune growth and survival.
Results

TFE3 and TFEB are activated in response to sodium arsenite in an mTORC1-independent manner
Cellular adaptation and response to stress under adverse conditions is the key to survival. To gain insight into the cellular machinery involved in TFE3 and TFEB regulation, we investigated the mechanism of TFEB and TFE3 activation under oxidative stress. Treatment of ARPE19 cells with sodium arsenite (NaAsO 2 ), a ROS inducer, caused significant accumulation of endogenous TFE3 into the nucleus (Fig. 1A ). Quantification of several independent experiments demonstrated that TFE3 accumulated in the nucleus in ϳ75% (76.4 Ϯ 2.9%) of cells after NaAsO 2 treatment, whereas only 5% (4.8 Ϯ 0.2%) of cells showed TFE3 nuclear staining in control conditions ( Fig. 1B) . We have previously shown that dephosphorylation of TFE3-S321 is required for dissociation of the TFE3/14-3-3 complex and subsequent TFE3 nuclear translocation (4, 10, 14) . Accordingly, TFE3-S321 dephosphorylation was already observed after 30 min incubation of ARPE19 cells with NaAsO 2 , and the effect was more robust after a 2-h treatment (Fig. 1, C and D) . TFE3 dephosphorylation was also assessed by changes in TFE3 electrophoretic mobility ( Fig. 1D, lower panel) . Moreover, TFE3 activation upon NaAsO 2 treatment was observed in various cell types, including mouse embryonic fibroblasts (MEFs), HeLa, and murine macrophage Raw 264.7 (Fig. S1 , A-C). Incubation in starvation medium without serum and amino acids (EBSS), or treatment with the mTOR catalytic inhibitor Torin-1, was used as a positive control for efficient TFE3-S321 dephosphorylation ( Fig. 1D and Fig. S1 , A-C).
Arsenite affects different cellular pathways causing not only oxidative stress but also mitochondria dysfunction, impaired protein degradation, DNA damage, and ER stress ( Fig. S2 ). To determine whether TFE3 and TFEB were activated by oxidative stress or by alteration in cellular compartments, we assessed the A, ARPE19 cells treated with either vehicle or 250 M NaAsO 2 for 1 h were fixed, permeabilized, and immunostained with antibodies against TFE3. Scale bar, 10 m. B, quantification of cells with TFE3 in nucleus in vehicle-or NaAsO 2 -treated ARPE19 cells as shown in A. Vehicle, n ϭ 810; NaAsO 2 , n ϭ 846 from three independent experiments. Error bars denote S.D. p value calculated using two-tailed t test, (****) p Ͻ 0.0001. C, immunoblot analysis of protein lysates from ARPE19 cells treated with the indicated concentrations of NaAsO 2 for 1 h. D, immunoblot analysis of protein lysates from ARPE19 cells treated with either 250 M NaAsO 2 for the indicated times or EBSS for 1 h. E, immunoblot analysis of protein lysates from ARPE19 cells treated with either 250 M NaAsO 2 in the presence of 15 mM NAC or 250 nM Torin-1 for 1 h. F, ARPE19 cells treated with either vehicle or 250 M NaAsO 2 in the presence of 15 mM NAC for 1 h were fixed, permeabilized, and immunostained with antibodies against TFE3. Scale bar, 10 m. G, immunoblot analysis of protein lysates from ARPE19 cells and treated with either 250 M NaAsO 2 , 250 nM Torin-1 or EBSS for 1 h. H, immunoblot analysis of protein lysates from HeLa cells expressing TFEB-FLAG and treated as indicated in G. Samples were run on the same gel (irrelevant lanes were spliced out; see raw data). Immunoblots are representative of three independent experiments.
Oxidative stress-dependent activation of TFE3 and TFEB effect of the antioxidant N-acetyl-L-cysteine (NAC), a nonselective oxygen-free radical scavenger that confers protection to cells against ROS (25) . Pretreatment of ARPE19 cells with NAC prevented TFE3 and TFEB dephosphorylation ( Fig. 1E ), as well as TFE3 nuclear accumulation ( Fig. 1F ) in NaAsO 2 -treated cells, confirming that NaAsO 2 induces TFE3 and TFEB activation via ROS generation.
Next, we assessed whether the activation of TFE3 observed in NaAsO 2 -treated cells was due to reduced mTORC1 activity. ARPE19 and HeLa (CF7) cells were treated with NaAsO 2 , Torin-1, or starved, and mTORC1 activity was measured by monitoring the phosphorylation status of p70S6 kinase and 4EBP1, two downstream effectors of mTORC1. As expected, starvation and Torin-1 resulted in strong mTORC1 inactivation ( Fig. 1, G and H) . In contrast, dephosphorylation of TFE3-S321 and TFEB-S211 in NaAsO 2 -treated cells occurred despite the strongly increased mTORC1 activity observed under these conditions ( Fig. 1, G and H) . Altogether, our results indicate that NaAsO 2 treatment induces TFE3 and TFEB activation and that this process does not require mTORC1 inactivation.
Okadaic acid prevents arsenite-induced TFE3 and TFEB activation
It has been recently suggested that activation of the lysosomal TRPML1 channel by nutrient deprivation and certain ROS-generating conditions promotes release of lysosomal Ca 2ϩ , thus resulting in activation of the phosphatase PPP3/ calcineurin and concomitant TFEB dephosphorylation (17, 18) . Given these observations, we sought to investigate whether PPP3/calcineurin and TRPML1 regulate TFE3 and TFEB activation in response to oxidative stress induced by NaAsO 2 . As shown in Fig. 2A , pretreatment of ARPE19 cells with FK506, a potent immunosuppressive drug commonly used to inhibit PPP3/calcineurin activity (26), did not noticeably alter NaAsO 2 -dependent dephosphorylation of endogenous TFE3 ( Fig. 2A ). Moreover, depletion of PPP3 catalytic subunits (PPP3CAϩB) did not prevent TFE3 dephosphorylation in NaAsO 2 -treated cells ( Fig.  S3 ). Likewise, the degree of TFE3-S321 dephosphorylation following NaAsO 2 treatment was comparable between TRPML1deficient human fibroblasts (from mucolipidosis type IV patients; MLIV) and fibroblasts from healthy individuals (Fig.  2B ). These results indicate that neither PPP3/calcineurin nor TRPML1 are required for TFE3 and TFEB activation in NaAsO 2 -treated cells and suggest that other factors might participate in the process.
To evaluate this possibility, we looked at other protein phosphatases, which may be involved in TFE3 and TFEB activation during oxidative stress. Okadaic acid (OA) is a potent pharmacological inhibitor of multiple protein serine/threonine phosphatases (27) . OA is widely used to study the function of protein phosphatase 2A (PP2A) and protein phosphatase 1 (PPP1), which are the most abundant and ubiquitously expressed phosphatases in cells (27) . As seen in Fig. 2 , C and D, pretreatment of ARPE19 and HeLa (CF7) cells with OA blocked NaAsO 2 -induced dephosphorylation of TFE3-S321 and TFEB-S211. Furthermore, whereas the subcellular distribution of endogenous TFE3 in OA-treated ARPE19 cells was similar to that in the control conditions, pretreatment with OA signifi-cantly diminished TFE3 nuclear accumulation induced by NaAsO 2 (Fig. 2 , E and F). Consequently, our results suggest that PP2A and/or PPP1 participate in TFE3 and TFEB activation upon NaAsO 2 treatment.
PP2A but not PPP1 dephosphorylates TFE3 at Ser-321
PP2A functions as a trimeric complex formed by a catalytic C subunit (PPP2C), a scaffold subunit (PPP2R1), and a regulatory subunit (PPP2R2), which confers specificity of PP2A for selective substrates (28, 29) ( Fig. S4 ). In addition, two PP2A catalytic isoforms (PPP2CA and PPP2CB) have been described. Interestingly, we found that depletion of either the PP2A catalytic or scaffolding subunits significantly inhibited the dephosphorylation of TFE3 at Ser-321 ( Fig. 3, A and B) . In contrast, knockdown of the PPP1 catalytic subunits did not have an effect, despite the efficient depletion of PPP1 catalytic subunits PPP1CA and PPP1CB (Fig. 3, A and B) .
The subcellular location and substrate specificity of PP2A is determined by its ability to interact with specific PPP2R2 re- Oxidative stress-dependent activation of TFE3 and TFEB gulatory subunits to form a heterotrimeric holoenzyme. In humans, at least 26 different PPP2R2 subtypes have been identified, implying the existence of different PP2A holoenzymes with distinctive biological functions. The regulatory subunit PPP2R2A (also known as B55␣) has recently been implicated in the cellular response to ROS (30, 31) . Interestingly, the depletion of PP2A catalytic subunits led to a reduction in the protein levels of all the components of the PP2A complex. This observation is in agreement with previous reports suggesting unstability and rapid degradation of PP2A subunits (32) (33) (34) . Accordingly, we found that depletion of PPP2R2A, alone or in combination with the catalytic subunits PPP2CAϩB, significantly reduced TFE3-S321 dephosphorylation following NaAsO 2 treatment (Fig. 3, C and D) . These results suggest that the regulatory subunit PPP2R2A is required for PP2A activity toward TFE3-S321.
Next we assessed whether PP2A activation was sufficient to induce TFE3 dephosphorylation. The immunosuppressant FTY720, a fungal metabolite structurally similar to sphingosine, is a known activator of PP2A (35) . In vivo, FTY720 is phosphorylated by the enzyme sphingosine kinase 2 to form FTY720-phosphate, which resembles sphingosine 1-phosphate (36) . FTY720 and its phosphorylated form have been used to activate PP2A both in vivo and in vitro (37) . As seen in Fig. 4A , treatment of ARPE19 cells with FTY720 resulted in a concentration-dependent dephosphorylation of TFE3-S321, suggesting that PP2A activation is sufficient to induce TFE3 activation. As control, we measured the levels of phospho-p70S6K to confirm that FTY720 was not causing mTORC1 inactivation (Fig.  3A) . Ceramide is another well-known activator of PP2A. Ceramide directly binds the PP2A inhibitor I2PP2A/SET, relieving PP2A from SET and increasing PP2A activity (38, 39) . Notably, treatment of ARPE19 cells with a cell-permeable ceramide analog resulted in TFE3 nuclear accumulation ( Fig. 4B ) and concomitant TFE3-S321 dephosphorylation (Fig. 4C ). Altogether, our results suggest that PP2A, but not PPP1 or PPP3, is required for TFE3 activation in response to NaAsO 2 . 
Oxidative stress-dependent activation of TFE3 and TFEB PP2A dephosphorylates TFE3 and TFEB in vitro
To further investigate the role of PP2A in the regulation of TFE3 and TFEB, we used an in vitro phosphatase assay in which purified substrates TFEB-FLAG and TFE3-FLAG were incubated with PP2A from cell lysates or with the recombinant purified enzyme (Fig. S5 ). In agreement with our results showing that pharmacological and genetic inhibition of PP2A affect the activation of TFE3 and TFEB under oxidative stress, we found that OA addition to the dephosphorylation reaction ( Fig.  5A ), or cell treatment with OA prior to the assay (Fig. 5B) , greatly delayed the kinetic of TFEB-S211 dephosphorylation. Moreover, depletion of either PP2A catalytic subunits (PPP2ACϩB) (Fig. 5C ) or the regulatory subunit (PPP2R2A), alone or in combination with the catalytic subunits, markedly decreased TFEB-S211 dephosphorylation (Fig. 5D ). Efficient depletion of PPP2C and PPP2R2A subunits was assessed by immunoblot ( Fig. 5E ). Finally, purified recombinant PP2A catalytic subunit A in combination with scaffold subunit A was sufficient to dephosphorylate both TFEB-S211 and TFE3-S321 (Fig. 5, F and G) . These results further support the contribution of PP2A to TFE3 and TFEB activation in NaAsO 2 -induced oxidative stress.
PP2A dephosphorylates TFEB at several residues
Our in vitro phosphatase assays revealed significant changes in TFEB and TFE3 electrophoretic mobility following incubation with recombinant PP2A, suggesting that this phosphatase likely targets several residues. To address this possibility in more detail, we analyzed phosphorylation changes in TFEB in response to NaAsO 2 treatment by mass spectrometry. For this, U-2 OS cells expressing recombinant TFEB-FLAG were incubated with DMSO, NaAsO 2 or Torin-1. Immunoisolation of TFEB-FLAG followed by MS analysis allowed the identification of several phosphopeptides; their relative abundance was evaluated based on the areas under curve of their corresponding chromatographic peaks (Fig. 6A ). As expected, the abundance of peptides containing phosphorylated Ser-211 were noticeably reduced in cells treated with NaAsO 2 or Torin-1 compared with DMSO-treated cells (Fig. 6A) . Interestingly, we also found decreased abundance of phosphopeptides containing Ser-109, Ser-114, and Ser-122 both under oxidative stress and mTORC1 inactivation conditions (Fig. 6A) . To further corroborate the participation of PP2A in the regulation of TFEB-S211, S109, -S114, and -S122 phosphorylation, we analyzed phosphoryla- 
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tion changes in these particular residues in HeLa (CF7) cells treated with NaAsO 2 in the presence or absence of OA. Similar to our results in U-2 OS cells, we observed a significant reduction in the phosphorylation levels of TFEB-S211, -S109, -S114, and -S122 in HeLa (CF7) cells treated with either NaAsO 2 or Torin-1 (Fig. 6, B-D) . More importantly, inhibition of PP2A by OA prevented the dephosphorylation of these residues in response to NaAsO 2 (Fig. 6, B-D) . Altogether, these results indicate that PP2A dephosphorylates TFEB on several residues including Ser-109, Ser-114, Ser-122, and Ser-211 under oxidative stress conditions.
Dephosphorylation of TFEB at Ser-109, Ser-114, and Ser-122 facilitate its activation in response to oxidative stress
Based on the results of MS analysis, we proceeded to further investigate whether Ser-109, Ser-114, and Ser-122 might participate in the regulation of TFEB activation. To this end, we assessed the functional consequences of mutating these three serine residues to alanine (S109A,S114A,S122A) or aspartic acid (S109D,S114D,S122D) in the context of oxidative stress induced by NaAsO 2 . As seen in Fig. 7 , TFEB-WT and the TFEB-S109A,S114A,S122A mutant behaved similarly and both were efficiently dephosphorylated at Ser-211 and translocated to the nucleus in response to NaAsO 2 (Fig. 7, A and B) . In contrast, accumulation of TFEB-S109D,S114D,S122D in the nucleus in response to NaAsO 2 was significantly reduced (Fig. 7B) , suggesting that the dephosphorylation of these residues is required for efficient TFEB activation. It is important to note that mutation of Ser-109, Ser-114, and Ser-122 to aspartic acid did not prevent Ser-211 dephosphorylation (Fig. 7A) , indicating that these residues are likely not involved in the formation of the TFEB/14-3-3 complex and might regulate TFEB nuclear translocation by a yet unknown mechanism. Finally, we analyzed the behavior of the TFEB-S109A,S114A,S122A and TFEB-S109D,S114D,S122D mutants in response to starvation. Although we found a reduced number of cells with TFEB-S109D,S114D,S122D in the nucleus compared with TFEB-WT, the differences did not reach statistical significance, suggesting that dephosphorylation of Ser-109, Ser-114, and Ser-122 may play a minor role under a nutrient-depleted condition (Fig. 7, A  and B) . Moreover, PP2A depletion did not prevent TFE3-S321 dephosphorylation following starvation (Fig. S6) , further suggesting that the mechanism of activation of TFEB and TFE3 may differ depending on the type of stress.
Discussion
Phosphorylation/dephosphorylation events play a major role in TFEB/TFE3 regulation. The serine/threonine kinase mTOR is the best-characterized modulator of TFEB/TFE3 activation. Under nutrient-rich conditions, mTORC1 phosphorylates TFEB and TFE3 on critical residues, promoting binding of these transcription factors to 14-3-3 and their consequent retention in the cytosol. Conversely, inactivation of mTORC1 by nutrient withdraw or Torin-1 causes TFEB/TFE3 nuclear translocation (6 -8) . Recently, additional kinases have been proposed to contribute to TFEB/TFE3 sequestration in the cytosol. These include ERK2 (3), MAP4K3 (40), GSK3 (41), and AKT (42) . In most cases, the mechanism by which these kinases prevent TFEB/TFE3 nuclear translocation is unknown, although it has been suggested that MAP4K3 and GSK3 may facilitate TFEB/ TFE3 recruitment to the lysosomal surface, thus facilitating mTORC1-mediated phosphorylation.
To be active, TFEB and TFE3 must dissociate from 14-3-3 and this requires dephosphorylation of TFEB-S211 and TFE3-S321. Therefore, identifying the phosphatases involved in TFEB-S211 and TFE3-S321 dephosphorylation is critical for understanding TFEB/TFE3 regulation. The phosphatase PPP3/ calcineurin has been shown to play an important role in TFEB dephosphorylation. Under starvation conditions, mTORC1 inactivation along with PPP3/calcineurin activation promote TFEB activation (17) . PPP3/calcineurin activity is regulated by intracellular calcium levels (43) . It has been proposed that lysosomal calcium release via TRPML1 may result in local calcineurin activation and consequent TFEB transport to the nucleus (17, 18) .
It is becoming evident that TFEB and TFE3 are activated in response to multiple types of intracellular stress, including Data are representative of at least three independent experiments. B, quantification of cells with TFEB in nucleus in ARPE19 cells expressing TFEB-WT or the indicated TFEB mutants and treated with either 250 M NaAsO 2 or EBSS for 1 h. TFEB-WT (vehicle, n ϭ 654, NaAsO 2 , n ϭ 687, and EBSS, n ϭ 747), TFEB-S109A,S114A,S122A (vehicle, n ϭ 643, NaAsO 2 , n ϭ 671, and EBSS n ϭ 669), and TFEB-S109D,S114D,S122D (vehicle, n ϭ 651, NaAsO 2 , n ϭ 671, and EBSS, n ϭ 658) from three independent experiments are shown. Error bars denote S.D. p value was calculated using one-way ANOVA, (****) p Ͻ 0.0001.
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pathogen infection, inflammation, ER stress, and mitocondrial damage. In many of these cases, TFEB/TFE3 activation does not seem to require mTORC1 inactivation; however, TFEB-S211 and TFE3-S321 need to be dephosphorylated, suggesting that activation of phosphatases plays a critical role in this context.
In this study we have identified a novel role for the phosphatase PP2A in TFEB/TFE3 activation in response to oxidative stress. Treatment of different cell types with sodium arsenite induced oxidative stress, resulting in TFEB-S211 and TFE3-S321 dephosphorylation and TFEB/TFE3 nuclear translocation. Importantly, the activity of mTORC1 was enhanced by sodium arsenite, indicating that mTORC1 inactivation does not account for the reduced TFEB-S211 and TFE3-S321 phosphorylation observed under these conditions. Moreover, depletion of PPP3/cacineurin or TRPML1 did not affect TFEB/TFE3 transport to the nucleus, further suggesting the presence of a novel mechanism of TFEB/TFE3 activation. Notably, depletion of either the catalytic (PPP2CAϩB) or regulatory (PPPR2A/ B55␣) subunits of PP2A, as well as PP2A inactivation with okadaic acid, was sufficient to prevent TFEB/TFE3 activation in response to sodium arsenite. Conversely, PP2A activation by ceramide or FTY720 caused TFEB/TFE3 nuclear translocation. Activation of TFEB/TFE3 was assessed by different methods including changes in cellular distribution (nucleus versus cytosol), changes in electrophoretic mobility, and the use of phospho-specific antibodies against TFEB-S211 and TFE3-S321. The ability of PP2A to specifically dephosphorylate TFEB-S211 and TFE3-S321 was also confirmed by in vitro phosphatase assays.
Mass spectometry analysis using recombinant TFEB revealed that sodium arsenite not only induced reduced TFEB-S211 phosphorylation but also caused dephosphorylation of additional residues, including Ser-109, Ser-114, and Ser-122. Furthermore, dephosphorylation of Ser-109, Ser-114, Ser-122, and Ser-211 was prevented by okadaic acid, indicating that PP2A dephosphorylates multiple TFEB residues in sodium arsenite-treated cells. One possibility is that PP2A-mediated dephosphorylation of Ser-109, Ser-114, and Ser-122 makes Ser-211 more accessible to other phosphatases (e.g. PPP3/calcineurin). However, the fact that the TFEB-S109A,S114A,S122A mutant does not exhibit reduced Ser-211 phosphorylation argues against this possibility. Therefore, it appears that distinct protein phosphatases may target the same key phosphorylation sites on TFEB (for example, Ser-211 can be dephosphorylated by PP2A and PPP3/calcineurin).
Our data also identified a novel role of Ser-109, Ser-114, and Ser-122 in TFEB activation. Phosphomimetic mutation of these residues to aspartic acid (TFEB-S109D,S114D,S122D) significantly decreased TFEB nuclear translocation in response to sodium arsenite. These results are in agreement with a recent study showing that mutation of Ser-122 to alanine appears to enhance the effects of the S211A mutation (44) .
One important question is to determine whether PP2A might contribute to TFEB/TFE3 activation under nutrient withdrawn conditions. Several reports have shown that inactivation of mTOR results in a robust increase in PP2A/PPP2R2A activity (45) (46) (47) . Moreover, stimulation of PP2A/PPP2R2A following amino acid starvation is a critical regulatory step to allow ULK1 dephosphorylation and activation (31) . On the other hand, our data showed that PP2A depletion did not prevent TFEB/TFE3 activation in starved cells, suggesting that mTOR inactivation or other phosphatases, such as PPP3/calcineurin, may play a predominant role under nutrient deprivation conditions. Alternatively, the fraction of TFEB/TFE3 that remains phosphorylated due to PP2A depletion might be preferentially targeted by the E3 ubiquitin ligase STUB1 and sent to the proteasome for degradation (48) , thus preventing its detection; however, simultaneous treatment with starvation medium and proteasome inhibitors did not result in a significant accumulation of phosphorylated TFEB/TFE3 (data not shown), further suggesting that PP2A is not essential for TFEB/TFE3 activation in response to starvation. Nonetheless, modulation of Ser-109, Ser-114, and Ser-122 might contribute to starvationinduced TFEB/TFE3 activation. In support of this, our mass spectrometry experiments reveled that Torin-1 treatment caused a dramatic reduction in Ser-109, Ser-114, and Ser-122 phosphorylation levels, suggesting that these residues are phosphorylated by mTOR and, thereby, likely dephosphorylated under starvation conditions. In addition, activation of the TFEB-S109D,S114D,S122D mutant was reduced in response to low nutrient levels, although the reduction did not reach statistical significance under our experimental conditions. Therefore, our data suggest that there is a number of critical phosphorylation sites in TFEB/TFE3 that are regulated by distinct protein phosphatases and kinases depending on the nature/ duration/strength of the stress.
In summary, our study identifies a novel mechanism to promote TFEB/TFE3 activation by stimulating the protein phosphatase PP2A without suppressing mTOR. We propose that this mechanism may be critical in particular cell types, such as immune or cancer cells, which require simultaneous mTORC1 and TFEB/TFE3 signaling as a way to achieve robust cell growth and survival. 
Experimental procedures
Cell line cultures and treatments
Antibodies
The following mouse monoclonal antibodies were used: clone Ab5 to actin, clone 29 to TOM20 (BD Transduction Laboratories, 612656 and 612278), clone M2 to FLAG (Sigma, F3165), clone 1D6 to PPP2C (Millipore, 05-421), clone E-9 to PPP1CA, clone C-5 to PPP1CB (Santa Cruz Biotechnology, sc-7482 and sc-373782), clone H4A3 to Lamp1 (Developmental Studies Hybridoma Bank, H4A3-s), and clone 6C5 to GAPDH (Ambion, AM4300). The following polyclonal antibodies were also used: anti-phospho-p70 S6 kinase, anti-p70 S6 kinase, antiphospho-4E-BP1, anti-4E-BP1, anti-14-3-3, anti-PPP2R2A, anti-PPP2AC, and anti-GST were from Cell Signaling Technology (9205, 2708, 9451, 9644, 8312, 2290, 2259, and 2625, respectively), anti-BiP and anti-PPP3C were from Abcam (ab21685 and ab71149, respectively), anti-giantin (Covance, PRB-114C), anti-TFE3 (Sigma, HPA023881), goat anti-TIA-1 (Santa Cruz Biotechnology, sc-1751), anti-PPP2R1A (GeneTex, GTX102206), and phospho-TFE3-S321 were as previously described by Martina et al. (10) . Horseradish peroxidase-conjugated anti-mouse or anti-rabbit IgG were acquired from Cell Signaling Technology (7076 and 7074).
Production of anti-phospho-TFEB (Ser-211) antibody
For antibody production, the synthesis and purification of a phospho-specific TFEB peptide (VGVTSS-pS-CPADLTQ; amino acids 205-218), and a nonphosphorylated peptide counterpart (VGVTSSSCPADLTQ) as well as the production of polyclonal antisera was performed by YenZym Antibodies (South San Francisco, CA). Two New Zealand White rabbits were immunized with the phosphopeptide following a 90-day immunization protocol. The antisera were further purified by affinity chromatography against the same phosphopeptide used for immunization. The purified antibody was then affinity-absorbed against the nonphosphorylated peptide counterpart, to separate the phosphopeptide-specific antibody from the cross-reactive population. The specificity of anti-phospho-TFEB antibody was examined by immunoblotting.
Recombinant DNA plasmid
TFE3-FLAG expression vector was generated by cloning the full-length encoding sequence of human TFE3 obtained by RT-PCR amplification from ARPE-19 cells total RNA followed by in-frame cloning into HindIII-BamHI sites of p3ϫFLAG-CMV-14 (Sigma) with a triple FLAG tag fused to the carboxyl termini of TFE3. Amino acid substitutions in TFEB were made using the QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies) according to the manufacturer's instructions.
Immunofluorescence confocal microscopy
For immunofluorescence, cells grown on coverslips were washed with PBS and fixed with 4% formaldehyde for 15 min at room temperature or with methanol/acetone (1:1, v/v) for 10 min at Ϫ20°C. For monitoring nuclear localization of TFE3, cells were permeabilized in PBS containing 0.2% Triton X-100 for 10 min at room temperature. Cells were then incubated with the indicated primary antibodies in PBS containing 10% fetal bovine serum and 0.1% (w/v) saponin for 1 h at room temperature, followed by incubation with the corresponding secondary antibodies conjugated to Alexa Fluor-488 (Invitrogen, A-11008). After staining, the coverslips were mounted onto glass slides with Fluoromount-G (Southern Biotech, 0100 -0101). Images were acquired on a Zeiss LSM 510 confocal system with a ϫ63 NA 1.4 oil immersion objective using 488-nm laser excitation (Carl Zeiss).
Immunoprecipitation, electrophoresis, and immunoblotting
Cells washed with ice-cold PBS were lysed in lysis buffer containing 25 mM Hepes-KOH, pH 7.4, 150 mM NaCl, 5 mM EDTA, and 1% Triton X-100 (w/v) and supplemented with protease and phosphatase inhibitor mixtures (Roche Applied Science). Cell lysates were incubated on ice for 30 min and then passed 10 times through a 25-gauge needle. Cell lysates were centrifuged at 16,000 ϫ g for 10 min at 4°C. For immunoprecipitation, the soluble fractions were incubated with 20 l of anti-FLAG M2 affinity gel beads (Sigma) for 4 h at 4°C. The immunoprecipitates were collected, washed three times with lysis buffer, and proteins were eluted with Laemmli sample buffer.
Samples were analyzed by SDS-PAGE (4 -20% gradient gels, Life Technologies) under reducing conditions and transferred to nitrocellulose. Membranes were immunoblotted using the indicated antibodies. Horseradish peroxidase-conjugated antimouse, anti-rabbit IgG, or anti-rat IgG (Cell Signaling Technology) were used at a dilution of 1:8000. Horseradish peroxidasechemiluminescence was developed using Western Lightning Chemiluminescence Reagent Plus (PerkinElmer Life Sciences). The exposed films were scanned, and the protein band intensities quantified using ImageJ software (NIH) and Photoshop CS4 software was used to produce the figures.
RNA interference (RNAi)
Knockdown of the indicated genes was achieved by transfection of siRNA duplexes. In brief, cells grown in six-well plates were transfected with RNAiMAX transfection reagent (Thermo Fisher Scientific) and 100 nM ON-TARGETplus nontargeting pool siRNA duplexes or ON-TARGETplus smart pool siRNA duplexes targeted against PPP2CA, PPP2CB, PPP2R1A, PPP2R2A, PPP1CA, PPP1CB, PPP3CA, and PPP3CB (GE Dharmacon). Treated cells were analyzed 72 h after transfection.
Oxidative stress-dependent activation of TFE3 and TFEB In vitro dephosphorylation assay
For the preparation of phosphatase substrates (TFEB-FLAG and TFE3-FLAG), CF7 HeLa or ARPE19 cells overexpressing TFEB-FLAG or TFE3-FLAG, respectively, were grown in two 15-cm dishes each for 24 h. Cells were lysed in phosphatase assay buffer (50 mM Hepes, pH 7.5, 100 mM NaCl, 2 mM MgCl 2 , 1 mM DTT, and 0.5% Nonidet P-40) supplemented with a protease and phosphatase inhibitor mixture (Roche Applied Science). Cell lysates were incubated on ice for 30 min and then were passed 10 times through a 25-gauge needle. Cell lysates were centrifuged at 16,000 ϫ g for 15 min at 4°C. The soluble fractions were incubated with 50 l of anti-FLAG M2 affinity gel beads (Sigma) overnight at 4°C. The immunoprecipitated fractions were washed 5 times and the affinity purified substrates were eluted in 150 l of phosphatase assay buffer containing 400 g/ml of 3ϫFLAG peptide (Sigma). To ensure the stability of the phosphatase substrates in reactions that use recombinant phosphatase, a protective lysate was obtained from TFEB/TFE3 double KO MEF cells as described by Wong et al. (31) .
For the phosphatase assay using cell lysates, purified substrates (TFEB-FLAG or TFE3-FLAG) were incubated with 10 g of lysate proteins in a final volume of 15 l at 30°C for the indicated times. For the phosphatase assay using recombinant phosphatase, substrates were incubated with 10 g of phosphatase activity-depleted protective lysate proteins and 25 nM PPP2CA-His ϩ GST-PPP2R1A (BPS Bioscience) in a final volume of 15 l at 30°C for the indicated times.
Mass spectrometry
Immunoprecipitated TFEB-FLAG from CF7 HeLa cells treated with the indicated reagents were sequentially reduced with tris (2-carboxyethyl)phosphine hydrochloride and alkylated with chloroacetamide (both from Sigma). Proteins were then digested with trypsin or chymotrypsin (Promega). The resulting peptide mixtures were analyzed with an Orbitrap Fusion Lumos (Thermo Fisher Scientific) equipped with a Dionex Ultimate 3000 nanoLC system. Peptide IDs and phosphorylation sites were assigned with Mascot version 2.5 (Matrix Science). The confidence of phosphorylation site localization is assessed with ptmRS node in Proteome Discoverer 2.2 platform (Thermo Fisher Scientific). The phosphopeptides were filtered out at 1% false discovery rate and their relative abundances were compared based on the areas under curve of their corresponding chromatographic peaks.
Statistical analysis
Data were processed in Excel (Microsoft Corporation) then Prism (GraphPad Software) to generate curve and bar charts and perform statistical analyses. Student's t test or one-way ANOVA and pairwise post tests were performed for each dependent variable, as specified in each figure legend. All data are presented as mean Ϯ S.D. p Ͻ 0.05 was considered statistically significant (*), p Ͻ 0.01 very significant (**), p Ͻ 0.001 extremely significant (***), and p Ͻ 0.0001 extremely significant (****). p Ͼ 0.05 was considered not significant (n.s.). 
